Abstract The photo-controlled/living radical polymerization of 2-(dimethylamino)ethyl methacrylate (DMAEMA) was attained using 4-methoxy-2,2,6,6-tetramethylpiperidine-1-oxyl as the mediator and (2RS,2′RS)-azobis(4-methoxy-2,4-dimethylvaleronitrile) (r-AMDV) as the initiator. The bulk polymerization of DMAEMA produced a polymer with a comparatively narrow molecular weight distribution below 1.6. The first-order time conversion plots showed a linear increase. The molecular weight of the resulting polymer also increased with an increase in the monomer conversion. The molecular weights of the resulting polymers were in good agreement with the theoretical molecular weights. A linear correlation was also obtained for the plots of the molecular weight vs. the reciprocal of the initial concentration of r-AMDV. The GPC analysis demonstrated the living nature of the polymerization based on the fact that the curves were shifted to the higher molecular weight side without deactivation as the conversion increased.
Introduction
Water-soluble polymers are of importance in papermaking, mineral processing, and wastewater treatment [1] . In particular, a [2-(dimethylamino) ethyl methacrylate] (DMAEMA) polymer plays a significant role as a water-soluble weak polybase that forms a cationic polyelectrolyte by protonation of the tertiary amine groups. Poly(DMAEMA) (PDMAEMA) and its quaternized polymer have many applications as a pH-and temperature-responsive polymer in drug delivery systems [2] [3] [4] [5] and a DNA-binding agent in a nonviral gene delivery [6] [7] [8] [9] [10] . Amphiphilic block copolymers containing PDMAEMA are also used as stabilizers in dispersion polymerizations [11] . PDMAEMA has been prepared by various controlled manners, such as the living anionic polymerization [12] [13] [14] , group transfer polymerization [15, 16] , atom transfer radical polymerization [17] [18] [19] , reversible addition-fragmentation chain transfer polymerization [10, 20] , and thermal nitroxidemediated polymerization [21] . By using these polymerization techniques, a variety of amphiphilic copolymers of PDMAEMA has been created [22] [23] [24] .
In recent years, the controlled photoradical polymerization has been established using 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . The photoreactions have advantages over the thermal reactions in an energy-saving process that utilizes solar energy, local and medical applications, and photo-specific reactions. The TEMPO-mediated photo-controlled/living radical polymerization provided a comparatively narrow molecular weight distribution around Mw/Mn01.4 for methyl methacrylate (MMA) [35] of which the thermal nitroxide-mediated polymerization often caused deactivation of the propagation chain end based on the disproportionation termination. The photo nitroxide-mediated polymerization using TEMPO caused no such deactivation for the MMA polymerization. In addition, the TEMPO-mediated photopolymerization was accelerated in the presence of the photoacid generators of diaryliodonium salts [25, 26] , triarylsulfonium salts [35] , and an iron-arene complex [36] . While this polymerization technique has been applied to the syntheses of graft [37] and block copolymers [38] , it is still unclear as to what types of monomers can be applied to the polymerization and which functional groups supported on monomers can bear it. It was found that the amine-containing monomer, DMAEMA, was polymerized in a living manner by the TEMPO-mediated photopolymerization to produce a polymer with a controlled molecular weight. This paper describes the photo-controlled/living radical polymerization of DMAEMA using 4-methoxy-TEMPO (MTEMPO).
Experimental

Instrumentation
The photopolymerization was carried out using a Wacom HX-500 illuminator with a 500-W high-pressure mercury lamp (BMO-500D1, Wacom Co. Ltd.). Gel permeation chromatography (GPC) was performed using a Tosoh GPC-8020 instrument equipped with a DP-8020 dual pump, a CO-8020 column oven, and a RI-8020 refractometer. Two polystyrene gel columns, Tosoh TSK gel α-M, were used at 40°C with an eluent of N,N-dimethylformamide containing lithium bromide (50 mM) and triethylamine (10 mM). 1 H NMR measurements were conducted using a Varian 300 FT NMR spectrometer.
Materials
MTEMPO was prepared as reported previously [39] . Commercial-grade DMAEMA was purified by distillation over calcium hydride. (2RS,2′RS)-Azobis(4-methoxy-2,4-dimethylvaleronitrile) (r-AMDV) was obtained by separation from a mixture of the racemic and meso forms of 2,2′-azobis(4-methoxy-2,4-dimethylvaleronitrile) [40] . (4-tert-Butylphenyl) diphenylsulfonium triflate ( t BuS) was purchased from SigmaAldrich and used as received.
Photopolymerization of DMAEMA: general procedure DMAEMA (933.0 mg, 5.93 mmol), r-AMDV (14 mg, 0.0454 mmol), and MTEMPO (9.0 mg, 0.0484 mmol) were placed in an ampoule. After degassing the contents, the ampoule was sealed under vacuum. The bulk polymerization was carried out at room temperature for 4.5 h with irradiation by reflective light using a mirror with a 500-W high-pressure mercury lamp. The resulting mass was dissolved in dichloromethane (10 mL). Part of the dichloromethane solution (1 mL) was withdrawn using a syringe to determine the conversion by 1 H NMR. The residual solution was concentrated by an evaporator to ca. 1.5 mL and was poured into hexane (500 mL) to isolate a polymer. The precipitates were collected by suction filtration and dried in vacuo for several hours to obtain a polymer (400.1 mg).
Results and discussion
The bulk polymerization of DMAEMA was performed with r-AMDV, MTEMPO, and t BuS at room temperature by irradiation. The results of the photopolymerization are listed in Table 1 . The monomer conversion was estimated by 1 H NMR using the signal intensity at 4.04 ppm (the polymer) and 4.26 ppm (the monomer) for the methylene attached to the ester oxygen. The polymerizations initiated by r-AMDV and/ or t BuS in the absence of MTEMPO produced polymers with broad molecular weight distributions over 3. On the other hand, the polymerization in the presence of MTEMPO significantly reduced the molecular weight distribution, although it required a much longer time to increase the conversion. An increase in the amount of MTEMPO decelerated the polymerization. This deceleration should be based on the fact that the equilibrium was shifted to the recombination between the propagating radical and MTEMPO from the C-ON scission at the propagating chain end due to the increase in MTEMPO. The polymerization initiated by t BuS produced a polymer with a molecular weight distribution of ca. 2.5 even in the presence of MTEMPO due to the slow initiation by t
BuS. It was found that
t BuS served as an accelerator for the MTEMPO-mediated polymerization initiated by r-AMDV as well as the MMA polymerization [35] . However, the molecular weight distribution was somewhat broadened, whereas In order to confirm the living nature of the MTEMPOmediated polymerization, the first-order time conversion plots were evaluated. Figure 1 shows the time conversion and its first-order plots for the polymerizations in the absence and presence of t BuS.
[M] denotes the monomer concentration. The conversions began to reach their maxima around 10 h for the polymerization in the absence of t BuS and 5 h for the polymerization in its presence. The firstorder time conversion plots showed linear correlations for both polymerizations, suggesting that the number of polymer chains was constant throughout the course of the polymerizations.
The correlation between the monomer conversion and the molecular weight of the resulting polymers was also investigated. Figure 2 shows the plots of the molecular weight and its distribution vs. the conversion. For the polymerization in the absence of t BuS, the molecular weight linearly increased with the conversion and was in good agreement with the theoretical molecular weight. The theoretical molecular weights were calculated on the basis of the monomer conversion and the initial concentrations of DMAEMA and MTEMPO because the propagating chain end is accompanied by MTEMPO. On the other hand, the plots for the polymerization in the presence of t BuS did not show a linear correlation. The molecular weight deviated from the theoretical molecular weight line, and the molecular weight distribution increased as the conversion increased. Uncontrolled polymerization based on side reactions, such as the chain transfer, may have occurred during the polymerization based on the fact that the propagation control by MTEMPO was obstructed by the high reactivity of DMAEMA.
The control of the MTEMPO-mediated polymerization was confirmed in the absence of t BuS based on the relationship between the molecular weight and the reciprocal of the initiator concentration. These results are shown in Table 2 . As can be seen in Fig. 3 , the molecular weight showed a linear increase vs. the reciprocal of the initiator concentration. This linear correlation between the molecular weight and the reciprocal of the initiator concentration supported the controlled polymerization by MTEMPO.
The GPC analysis demonstrated the living nature of the polymerization. Figure 4 shows the GPC profiles of the polymers obtained by the MTEMPO-mediated polymerization initiated by r-AMDV in the absence of t BuS. The curves of the polymers were shifted to the higher molecular weight side as the conversion increased. No deactivation of the propagation chain ends indicated the livingness of the polymerization.
Conclusion
The photo-controlled/living radical polymerization of DMAEMA was attained using the MTEMPO mediator and the r-AMDV initiator. The MTEMPO-mediated polymerization produced PDMAEMA with a comparatively narrow molecular weight distribution below 1.6.
t BuS served as the accelerator for the MTEMPO-mediated polymerization initiated by r-AMDV, although the molecular weight distribution was somewhat broadened. The control of the polymerization was confirmed in the absence of revealed that the polymerization proceeded in a living mechanism fashion. It can be deduced that the photoradical polymerization of the amino-containing monomer was controlled by the MTEMPO mediator.
